Objective: The objective of the study was to develop and validate a sensitive, precise, and accurate stability indicating reverse-phase (RP) highperformance liquid chromatography method for the quantification of saquinavir, ritonavir, and amprenavir simultaneously.
INTRODUCTION

Saquinavir, chemically known as (2S)-N-[(2S,3R)-4-[(3S)-3-
(tert-butylcarbamoyl)-decahydroisoquinolin-2-yl]-3-hydroxy-1-phenylbutan-2-yl]-2-(quinolin-2-ylformamido) butane diamide, is generally used in combination with other antiviral agents for the treatment of infections with human immunodeficiency virus [1] . It belongs to the class human immunodeficiency virus protease inhibitor. Saquinavir specifically inhibits human immunodeficiency virus protease I and II, and cytochrome P450 3A [2, 3] . Human immunodeficiency virus protease I and II are involved in the process of viral replication and maturation. Saquinavir binds to the active site of human immunodeficiency virus protease I and II and inhibits the activity of the enzyme. This inhibition results in the development of inactive and defective viral particles. butanoyl] amino]-1,6-diphenylhexan-2-yl] carbamate, is an peptidomimetic agent that block the activities of human immunodeficiency viral I and II proteases, and also acts an inhibitor for cytochrome P450 3A [4] . Ritonavir is not an antiviral agent for hepatitis C virus infection. However, it is used in combination therapy for the treatment of hepatitis C virus infection as a booster [5, 6] . Through inhibiting cytochrome P450 3A, ritonavir increases the plasma concentration of other protease inhibitors.
Amprenavir, chemically described as (3S)-oxolan-3-yl N-[(2S,3R)-3-hydroxy-4-[N-(2-methylpropyl)(4-aminobenzene)sulfonamido]-1-
phenylbutan-2-yl]carbamate, is an hydroxyl ethylamine sulfonamide synthetic derivative generally used in combination with other antiviral agents [7] . Amprenavir is used in the treatment and prevention of acquired immunodeficiency syndrome and human immunodeficiency virus infection. Amprenavir selectively binds and inhibits the action of human immunodeficiency virus protease [8, 9] . The action of amprenavir toward the human immunodeficiency virus protease I is similar to that of saquinavir.
The chemical structures of the three studied drugs are presented in Fig. 1 . The combination of saquinavir, ritonavir, and amprenavir is not officially listed in any pharmacopeia. However, there is no report to give information about the simultaneous determination of saquinavir, ritonavir, and amprenavir using high-performance liquid chromatography (HPLC) with photodiode array detector. Hence, a simple, sensitive, rapid, and accurate method for the analysis of studied drugs was necessary. The aim of this study was to develop and validate stability indicating reverse-phase (RP) -HPLC method for the simultaneous quantification of saquinavir, ritonavir, and amprenavir.
METHODS
Chemicals and solvents
Saquinavir, ritonavir, and amprenavir reference standards were obtained from Pharmatrain, A division of Hi Q Pharma Labs Pvt., Ltd (Hyderabad, India). Analytical grade potassium dihydrogen orthophosphate, hydrochloric acid, sodium hydroxide, and hydrogen peroxide were purchased from Ramkem (Haryana, India). Milli-Qwater prepared by Millipore system was used in the present analysis.
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Orthophosphoric acid of analytical grade was from Fischer Scientific, Mumbai, India. Methanol used was of HPLC grade and purchased from Ramkem (Haryana, India).
Liquid chromatographic instrumentation and conditions
The analyses of the samples were performed on a Waters 2695 separation module HPLC system equipped with waters 1525 binary HPLC pump, Waters 2998 photodiode array detector, and Waters 2707 autosampler. The data collection and assessment were done using Windows Empower-2 software. Chromatographic separation of saquinavir, ritonavir, and amprenavir was performed on an Inertsil ODS C18 (4.6 mm × 100 mm, 5 µm) analytical column. The column temperature was maintained at ambient temperature. The mobile phase consisted of 0.1M phosphate buffer (pH 3.5) and methanol (70:30, v/v) at a flow rate of 1 ml/min. 0.1M phosphate buffer was prepared by dissolving 3.40 g of potassium dihydrogen orthophosphate in 250 ml of water in a volumetric flask. Orthophosphoric acid was used to adjust the buffer pH to 3.5. The mobile phase was degassed in an ultrasonic water bath for 10 min and then filtered through 0.45 µ filter under vacuum filtration. The total analytical runtime was 15 min. In the HPLC run, injection volume was 20 µl. The chromatograms were recorded using photodiode array detector set at the wavelength of 260 nm.
Preparation of stock and standard solutions
The mixed stock solution of saquinavir (40 mg/100 ml), ritonavir (20 mg/100 ml), and amprenavir (30 mg/100 ml) was prepared in mobile phase. The appropriate amount of saquinavir (40 mg), ritonavir (20 mg), and amprenavir (30 mg) was separately weighed and dissolved in 30 ml of mobile phase in a 100 ml volumetric flask. Then, the solution was mixed and diluted with mobile phase to prepare a final mixed stock standard solution containing 400 µg/ml of saquinavir, 200 µg/ml of ritonavir, and 300 µg/ml of amprenavir. Calibration standards in the range of 40-200 µg/ml saquinavir, 20-100 µg/ml of ritonavir, and 30-150 µg/ml of amprenavir were prepared by aptly diluting the stock standard solution with mobile phase. For method validation study, working standard solution at a concentration of 120 µg/ml, 60 µg/ml, and 90 µg/ml of saquinavir, ritonavir, and amprenavir, respectively, was prepared from stock solution by apt dilution with mobile phase.
Calibration curve
Calibration standard solutions at five concentration levels (saquinavir -40, 80, 120, 160, and 200 µg/ml; ritonavir -20, 40, 60, 80, and 100 µg/ml; and amprenavir -30, 60, 90, 120, and 150 µg/ml) were injected into the HPLC system. The peak area response of studied drugs at each concentration level was determined using described chromatographic conditions. Calibration curves were prepared by plotting the peak area of each drug versus nominal concentrations of drugs using a 1/χ 2 weighted linear least-squares regression model.
Analysis of saquinavir, ritonavir, and amprenavir laboratory prepared mixture
Mixed standard solution at a concentration of 120 µg/ml, 60 µg/ml, and 90 µg/ml of saquinavir, ritonavir, and amprenavir, respectively was prepared in mobile phase by apt dilution of stock solution. The procedure described under "Calibration curve" was applied. The percentage of studied drugs in the mixture prepared was calculated either using the corresponding calibration curve or regression equation.
Forced degradation studies
Forced degradation studies demonstrate the variation of quality of a drug substance under the influence of a variety of environmental factors (light, temperature, humidity, etc.) and helps to establish recommended drug storage conditions. Forced degradation studies were carried out, according to International Conference on Harmonization guidelines [10] , on the saquinavir, ritonavir, and amprenavir standard solution to reveal the inherent stability characteristics of the drug and also to assess the specificity and stability indicating nature of the proposed method.
Degradation in acidic condition
3.0 ml of stock standard solution (400 µg/ml -saquinavir, 200 µg/ml -ritonavir, and 300 µg/ml -amprenavir) was transferred to a 10 ml volumetric flask containing 3 ml of 1N HCl. The flask was heated at 60°C for 6 h followed by neutralization with sufficient volume of 1N NaOH. The volume of the flask was made up to 10 ml with mobile phase. The solution was filtered with 0.22 micron syringe filters and placed in vials for injection into the HPLC system.
Degradation in alkaline condition
3.0 ml of stock standard solution (400 µg/ml -saquinavir, 200 µg/mlritonavir, and 300 µg/ml -amprenavir) was transferred to a 10 ml volumetric flask and added 3 ml of 1N NaOH. The flask was heated for 6 h at 60°C, neutralized with an adequate volume of 1N HCl. Then, the volume was made up to 10 ml with mobile phase. The resultant solution was filtered with 0.22 micron syringe filters and placed in vials for injection into the HPLC system.
Thermal degradation
An appropriate amount of saquinavir (40 mg), ritonavir (20 mg), and amprenavir (30 mg) was separately weighed and placed in a Petri dish. The Petri dish was kept in a hot air oven maintained at 110°C temperature for 24 h. After the specified period of degradation, the cooled drug samples were dissolved in and diluted to 100 ml with mobile. A 3 ml of prepared solution was diluted to 10 ml with the same solvent. The prepared sample was filtered with 0.22 micron syringe filters and injected into HPLC system for analysis.
Oxidative degradation 3.0 ml of stock standard solution (400 µg/ml -saquinavir, 200 µg/ml -ritonavir, and 300 µg/ml -amprenavir) was mixed with 1 ml of 30% hydrogen peroxide in a 10 ml volumetric flask. The resulting solution was allowed to stand at room temperature for 15 min. The solution was diluted to 10 ml with mobile phase. The solution was filtered with 0.22 micron syringe filters and place in vials for injection into the HPLC system.
Ultraviolet (UV) degradation
About 40 mg of saquinavir, 20 mg of ritonavir, and 30 mg of amprenavir (30 mg) was separately weighed, placed in Petri dish and exposed to UV light in a UV Chamber for 1 h or 200 Watt-h/m 2 . The sample was cooled, and the solution was prepared by dissolving in and diluted to 100 ml with mobile. A 3 ml of prepared solution was diluted to 10 ml with the same solvent. The prepared sample was injected into HPLC system and analyzed.
Degradation in neutral condition 3.0 ml of stock standard solution (400 µg/ml -saquinavir, 200 µg/ml -ritonavir, and 300 µg/ml -amprenavir) was diluted with 1 ml of distilled 
RESULTS AND DISCUSSION
Method optimization
Two different columns (Xterra C18 [4.6 mm × 150 mm, 5 mm) and Inertsil ODS-3 (4.6 mm × 100 mm, 5 mm]) were tried for chromatographic performance investigations. The second column, Inertsil ODS C18 (4.6 mm × 100 mm, 5 mm), was the suitable one as it gave well-defined symmetrical peaks with good resolution. Different ratios of methanol with water and 0.1 M phosphate buffer were tried. When methanol with water is used as mobile phase, only two peaks were eluted. The combination of methanol with 0.1 M phosphate buffer at the ratio of 30:70 (v/v) is the best in the resolution, number of theoretical plates and tailing factor. The effect of mobile phase flow rate effect on the separation of studied drugs peaks was studied. It was observed that flow rate of 1.0 ml/min was favorable for good separation within a short time. Different pH values of the mobile phase were investigated. The investigated pH values were 3.5, 4.0, and 4.5. At the pH of 3.5, symmetrical peaks of three drugs with short retention times were obtained. Hence, the same value was used. The saquinavir, ritonavir, and amprenavir solution prepared in mobile phase was scanned with wavelength changed from 200 to 350 nm. At the detection wavelength of 260 nm, the absorbance of saquinavir, ritonavir, and amprenavir was relatively high. Therefore, the suitable detection wavelength was 260 nm. Typical chromatogram of laboratory prepared mixture of saquinavir, ritonavir, and amprenavir under the optimized chromatographic conditions is shown in Fig. 2 .
Method validation
The method validity was evaluated as per the ICH guidelines considering system suitability, linearity, limit of detection (LOD), limit of quantitation (LOQ), accuracy, precision, ruggedness, robustness, selectivity, and specificity [11].
System suitability
System suitability was performed by injecting standard mixture solution 6 times into the HPLC system, and the chromatographic parameters were calculated as stated by the USP [12] . The system suitability parameters including tailing factor, plate count, resolution, and relative standard deviation (RSD) of peak area response, and retention time of studied drugs were summarized in Table 1 .
Selectivity
Method selectivity was evaluated by observing any interference from common tablets excipients and components of the mobile phase. For this purpose, chromatograms of placebo blank, mobile phase blank, and standard drug solution were compared. The chromatograms are shown in Fig. 3 . No peaks were observed in the chromatograms of mobile phase and placebo blank at the retention time of drugs. Hence, it was concluded that the common tablet excipients and components of mobile phase did not interfere with the proposed method.
Linearity and range
Using the suggested experimental conditions, plotting the peak area response against the drug concentration in micrograms/milliliter resulted in a linear relationship. The calibration graphs were found to be linear over the concentration ranges are shown in Table 2 . Linear regression analysis data resulted is also shown in Table 2 . High values of the correlation coefficients (R 2 ) of the regression equations, small values of the intercept (c) and slope (c) indicated the linearity of the calibration graphs.
Limits of detection and quantification
The concentration (µg/ml) of studied drugs showing signal-to-noise ratios 3:1 and 10:1 was measured as LOD and LOQ, respectively. The LOD and LOQ were demonstrated for the sensitivity [13] . LOD and LOQ values of saquinavir, ritonavir, and amprenavir using the proposed HPLC method are cited in Table 2 . The low values indicted the adequate sensitivity of the method. 
Precision
To assess system and method precision, six samples of working solutions with concentration 120 µg/ml (saquinavir), 60 µg/ml (ritonavir), and 90 µg/ml (amprenavir) were subjected to HPLC analysis. The results of precision studies were expressed as % RSD of peak area response (Table 3) . 
Accuracy
Accuracy was established by the standard addition method through recovery study. Placebo blank solution was spiked with pure saquinavir, ritonavir, and amprenavir at three concentration levels (50%, 100%, and 150%). The mixtures were analyzed thrice. Percentage recoveries of studied drugs were calculated for each concentration level (Table 4) . The obtained percentage recoveries for saquinavir, ritonavir, and amprenavir at the studied concentration levels indicated good accuracy and the non-interference of common tablet excipients in the assay of the studied drugs.
Robustness
To assess the robustness of the method, the mixed standard solutions (120 µg/ml -saquinavir; 60 µg/ml -ritonavir; and 90 µg/ml -amprenavir) were analyzed after deliberately changing chromatographic parameters in the developed method. The parameters studied were composition and flow rate of the mobile phase. The robustness study demonstrated that slight variations in the optimized chromatographic parameters have no significant effect on the plate count, tailing factor and resolution of three studied drugs using the proposed method (Table 5 ). This indicated the good robustness of the method.
Ruggedness
System-to-system and analyst-to-analyst variability study was conducted on two different HPLC systems, 2 different days and by different analysts under similar chromatographic conditions. Six mixed standard samples were prepared (120 µg/ml -saquinavir; 60 µg/ml -ritonavir; and 90 µg/ml -amprenavir) and analyzed using the proposed method. The percentage recoveries and percentage RSD of saquinavir, ritonavir, and amprenavir were calculated ( Table 6 ). The results were found to be within the limits and indicated that the method is rugged for system-to-system and analyst-to-analyst variability.
Specificity
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into the HPLC system. The chromatograms were recorded (Fig. 4) . The stress degradant peaks in all the applied stress conditions were resolved from saquinavir, ritonavir, and amprenavir peaks. The degradants did not show any interference at the retention time of saquinavir, ritonavir, and amprenavir. Degradation study results were shown in Table 7 . From the percentage degradation values, it was observed that saquinavir and ritonavir are more sensitive to oxidative stress whereas amprenavir is more degraded in acidic conditions. All the three drugs are stable in neutral degradation condition applied when compared with other stress conditions applied.
CONCLUSION
For the first time, to the best of our knowledge, stability indicating RP-HPLC method was developed and validated for the simultaneous estimation of saquinavir, ritonavir, and amprenavir. The developed method satisfied all validation parameters such as system suitability, linearity, selectivity, precision, specificity, accuracy, ruggedness, and robustness. Furthermore, the method satisfied the forced degradation study. The results indicated that the proposed method is suitable for the simultaneous determination of saquinavir, ritonavir, and amprenavir in the presence of their stress degradants. Therefore, the method can be applied for the simultaneous estimation of saquinavir, ritonavir, and amprenavir in the regular analysis.
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